


f 


j! S nN 
iby 4 ‘ ts Me , 









Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1954 

Frequency-shift keying by the outphasing method 
Burrill, J.T. 

Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/24728 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
F (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


lil \ KNOX appointed -— and published -—- scholarly author. 


http://www.nps.edu/library 






LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


FREQUENCY-SHIFT KEYING 
BY THE OUTPHASING METHOD 


1 ft, BURRILL 





Library 
U. S. Naval Postgraduate School 
Monterey, California 




















Artisan Gold Lettering & Smith Bindery 


593 - 15th Street Oakland, Calif. GLencourt 1-9827 


DIRECTIONS FOR BINDING 





BINDIN LETTERING ON EKCK 
TO BE EXACTLY AS 
EIRGLEONS) PRINTED HERE. 

BUCKRAM as ae 

CoLor No, °©?4 
- FABRIKOID 

COLOR_ 1954 
LEATHER 

COLOR__ ee 

OTHER INSTRUCTIONS maa 

Letter in gold. B885 





Submitted in partial fulfillment 
of the requirenents 
Lor the degree of 
MASTER OF SCI®NCE 
in 
ENGINSERING FLYCTRONICS 





UNITED ST..T?5S BAvabL TO>5TGRADUATE SCHOOL 
Monterey, California 
1954 

















This investigation of the feasibility of emoloying the outvohasing 
method of single-sideband production for frequency-shift keyin:; was 
undertaken at the United States Naval Postrraduate School in Monterey, 
California, during the academic year 1955-195), The system has the 
primary advantage of permitting an effective frequency shift to be 
made at the desired channel frequency or submultiple, as well as 
employing amplitide-modulation and sisiple conventional cirevitry. an 
experimental model was constructed to demonstrate the principles and 
difficulties involved. 

Of great assistance in the preparation of this saver has been 
Professor Earl G. Goddard, to whom the writer is indebted for the sug-= 


gestion of topic and suidance throuchout the investivation. 
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CHAPTER I 


INTRODUCTION 


lL. Sumeary. 

Tne metnod of oroduction of single-sideband transmission by the out- 
phasing technique may be employed for frequencyeshitt keying, wherein the 
uwooer and lower sideband signals are alternately transmitted in corres- 
vondence with the mark and space conditions of a teletypewriter inout 
by phasing out the unwanted sideband. Sicnalinc is accomplished by 
siifting a constant amplitude carrier between two frequencies, in effect, 
as in other keyrrs, but the vroduction of each frequency is by — of 
an ammlitude-mnodulation process rather than by means of trequency-modul- 
ation as in the comuon types of keyers. 

An attractive feature of this system is the relative ease with which 
the "shifting" may be performed directly at the desired channel frequency 
or a submiltiple thereof. Satisfactorv frequency-shift systens are now 
in use, but the more common type emoloys a separate oscillator of a rel- 
atively low frequency as the source whose frequency is directly snifted, 
This di ator outout is then combined with the transmitter's frequenc. 
In this way, the transmitter frequency must be offset from the desired 
channel frequency by an amount that bears an intertral relationship with 
the keyer frequency. Other systems have been employe? using th trans- 
mitver carrier frequency directly, ant *Ven in sone cases two indeoendent 

~ sources at the required seoaration. These latter systens have not vroved 
very useful, and tue ofiset frequency system involv«s a zreat probability 
of cowrator error in adjustment anil operation as well as consid ra le 


bulk. 









It is thus the objectivs of this oacser to oresent the results of 
investication and evaluation of the outohasince method of f£requencv-shirt 
keyine, particularly as it mav be use‘ to directly shift the transmitter 
fr@quency at the desired channel frequency or 2 direct submiltiple there= 

of, ana with the possibility of reducing the size and comol-xity of pre-= 

sent keyers. This preliminary investi ation was partially exoerimental 

and larsely theoretical, and bears out toe advanta;;es and tie Limitations 

of the system, 

2. Description of Basic System. 

In the ovtphasins system, an r.f. @xcitatinn source, which is at the 
overatins frequency or svbmultiolée, is used as the carrier inovt to two 
balanced modulators, while an audio oscillator provides the modulatin:- 
Signal. The frequency of the audio Signal is Viet of the desire | s.uift 
above or below the mean frequency, taking into account tiat this nar need 
to be a submultiple because of later frequency multiplications in succecd- 
ing staves of the transmitter. The r.f. carrier is solit into two components. 
that are identical exceot for a shase difference or YO dagreas, The audio 
sisnal is likewise snlit into tio com>onents of equal amolitudes, one having 
@ onase dirference of dlus 30 decrees er minus 90 dezrers with respect to 
toe otner. One r.f. and one audio comonent are combined in sach.of the 
balanced nodulators. Each balance? modulator may or made uo of two 
nodilator tubes in controlegrid, screen=-crid or plate modulation, or of 
rectifiers (cermaniun, coposr oxide, or thernionic) in bridze or ring 
modulator circuits. 

In each balanced modulator the carrisr and audio si-nals are suonlied 


in suci a way that the carrier does not apoear in the output, or is creatly 











suppressed, but that the sidebands do amoear, The rof. is introfvesd in 


parallel, for examnle, while the aucio is introducedc in d.ush-oull. By 
taking tre double-sideband outoait of *ach modulator in a vair to 9») site 
ends of the outout tuning coil (oush-pull), the carrier component is 
balanced out or creatly suppressec, while both the sidebaads remain. 
Balancsd modulators can also be connectec with the r.i. drive an? the audio 
inouts in push-o.ull ant tie output in darallel with eqyw.1 effoctivencss. 

One sideband is produced wien te audio frequency comsonents to tie 
two balanced itn vie bear a plus 90 degrees ohase relationsiid, while the 
other sideband 18 produced ween one of thése comocnents has been furtuier 
shifted by 180 decrees. The vossibility of shifting the osnase of tris one 
audio frequency comdoanent at a hivth rate of speed is the princival factor 
which makes this system suitable for teletyoewriter operation, provided 
that in so doing only necligible distortion results. 

One method is to make outputs of trie avdio signal 1°0 decreas in 
nrase aluays rae say on opodosite ends of an ovtout coil or as the two 
outnuts of a varapnase anmolifier. Then a switchin: device is use’ to oere 
mit tne selection of the nrover audio .hase at a hich rate of soeced and 
minimum transient time, The switching device mst oifer no chanze of the 
outout phase in itself. It may serform tne switc: instantaneously without 
passing throuphn intermediate onases, or it may do it by a fast, smooth transe 
iticn vassing through all intermediats pnases. additionally, when the audio 
modulation is removed from one pair of modulators, as durins the marh-to- 
space transition, it is desirable to remove tie audio nodulation from the 
other dair to prevent the radiation of a dovodle sidehrand sivtnal. 


The essential components of an experincni2l syst! constmicted are siown 
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in the tloek di gram of Pigvre 1. ‘ith the keyer ir cne augition, the 
upper sideownd ig p¥ sed ont, Jnc tife icter cidelend romeinzs. ith the 
keyor ir the offer Sveitium, Une tiswer sivwoindg rem ire. if 2 neutral 
concitiv: ol the \eyer no outgus is pre-uce!, sinee tie c.rrier is balenced 
vut in tue belereed Seduliutors. 
0 mb TSMD LOR] Cerivetid: oc: (puts 

in Rie solluWing trewtnen.t, Che conveyilicn is iollovee of 2 voltae 
of 9 deg@roes phase vcing “‘teken @itnemicailsy ws « pusitive sine function. 
pecitori Liv; Zeru onNMise is whkon &¢ herizortally to 146 rigit ¥ith in- 
cr@#sirs pinvse cuounter-clock™ise. “i mo¢uleve: weve, concietirg of a 
cerrier ra veth sigebinis, ig shown with tho doeitive upper sidebiynd 
veccor Jrbitrorily B4 clus oD d-Prebs wil.: reepect ic the puciticn o1 « 
curriér vocttr of the game iriconodt@UPic Yer. Jimil-rly, the porilive 
luswer civeb.rd veeter vecuviese the ,usitioan uv -inus 3U dosrees u ith re:sect 
to ine cpucilion of & cirritr vector cf the safe triscnumetric form. 

ane Tulilocimg 13 0 @ecieectice] derivétion of thd a.ngle-siuv vend 


oufpucs. ia prucucingeiWe luwer ¢i.cten, “tue wey positiun is vo ue right, 


thtre.ucie the fucic sifvel at G d@Brves pirtse tu Te parsoshi:t nework. 
'G0eleaicr da in itself ren prodvews Wee Tullu. ay, dously “lLoabag? cif is 


—E(i+m ws co,t ) COS Wyt 


= —E cos ®t - Ew COS (aktras\t = Ep =" cos (cv —w,)t 


aoe 


odubdécr 1° Procuces tc fullo ito 
ae (j-m COS est ) Cos ASgc 


= —— 62s ae Ent ees (utostr ZF aos (we -us\t 


fs 








BLOCH DIAGRAM 










Avbio 
Osc, an 
BALANCED A 
—> 
Our PUT y 
CrROUIT 
<— 
PARAPHASE a © 
Am P. = 8 
‘a 
N 








lodulator ZA produces the folloving: 


—E ( 1+ m Sin w.t ) Sin Wet 


——-E sin ot + EM eos (cd. +)t a Fe COS (ee- We) t 


Yedulator 2B ocruduces: 


a (1 ~m sin wet) sins Wet 


——EF sin wwdt — FP eas cates) 4 BM eos (w@.- w eyt 


The combination of 1A and 2A at point A of the output tuned circuit 


gives: 


(14 + 2A) 
= —-E (cos wt + sin w.t)—Ern cos (cue ~e0s)t 


The combination of 1B and 2B at poirt B of the cutput tuned circuit 


gives: 


(18 + 2B) 
=-E (cos Wet + Sin w).t) pine oes (We eu)t 


Siree points A and B are on opposite ends of the output coil, the net 


output becomos the difference: 
A-& = —2Z Em eos (cam ~ee)s )% 


which is the lower sicebarda. 
In producing the upper sicebund, the individual outputs of modul- 
ators 1A and 1B are changed, while that of 2A and 25 remain as before. 


a 


woduls.tor Li output becomes: 








—E(i-m CoS tv,t) cos Ubet 
a cos(Wetws\t + oh eos (ete \t 








=—E Cos ‘set i 
Yodul itor 13 output bocones: 
—E ‘a +- m (0S wt) COS eae 


Er " 
= —E eos we = 005 (wo, +es)t — : im lage ye 


so that at point A, (A = 1A+ mM) 


wey = (cos edt + Sin eet) +Em tes ( Wet ede) t 


é 


fs 
> 
Ci 


Et point 7, (2 = 134 2°) 


_ ~E (eos fied Sees. wt) -—Em cos ( a, +s) t 


The net output then becomes: 
A-B = 2 Em aos (et “Jt 


@aich is “he upper sadoecwnd. 

It cam easily be showvm that 1f the sudie signal had been roversed 
in Phaso to doth peirs cf meaul“*ors, no clmnNge in cidedind woulda nitive 
been produced upon keyir:. 

ihe vectcrizl cowmbiratiors at tne various out.ut points are flsu 
suo7wn on Vigure 1, wilh tne solic v ctors representirs the lower Lideband 


inc the cotted vectore representing the upper sil aband. 











CHEPTSR II 
Cerairnis @ Wild “THEO f= Pec’ -GUIVT SYCTPMS 
1. General Tyors. 

The generation of a lnequanie7-bhilt keyed ginal suitabl~ for tele- 

troewriter use mary he accoudlished in sfverel wavs. In zeneral, tniese are 

f£ tiree tds: sittin: tetween two indeoeand®nt sonress; variation of tie 
vasic tirsquenc’ W «a fraquenc v-nodulation vorocess; ani the us® of an audio 
Sivnal to nedulate a carrier, oroducin: a double-sidebana of amolitude- 
modulation, Tron weich the udpe@r anc lower sidepinds are alvérnatel 
selected. 

Sone sitccess jas heen reoort«? by Buff (1)* for ordinary telerrann 
frSqusneg seift Ge Bais vito crystals dittaring slivhtl;, in frequency and 
alternately weywi wy sans of an electronic switch or mechanical relav, 
Davey an” “iatuc (2) mantion trat freavencey shitt serin’: has seen orovided 


° 


Wy Shitc cng wetve'n two independent Sources of carrier current sedsarated 
Mae tee desir~ Sirt, Sct point o> tet o.4 Trecegmenc! transitions orten 
Lavolv7~ saiMan Wace liscautinuitiee of remde® valu-s, ani thus result in 
te insta ttancous irégvency swinsins: consicfrally o tgide tie steady-state 
hark af? coac® Trequenciés. 

Qxr tee Trageencr=moduletion tyros, wnt smifcad oscillator may be the 
heacter oscillator or a suos#mltiolé, or it may Le a se oarate oscillator 
wich ib adhd wlth tie trenshitter iaster oscillavor or its Submiltinle. 
ao ~arlvy «ver roduced in ty Bell Leberatories is not-o Wr Vanderlinse (12) 
and is a unit “o wich tee dc. telesvpeyriter signal and a sub-miltiple ol 

: 


tm cvransmitcer frequecgy were sudcoliea. Tpe submultiol> frequency was 


Svifted witiin tow anit, and the uaiited ovtout was sap olied to tye trans- 4 


#Numlecrs in rarant:°s%s refer to the biollo-ranyy, 





e2) 








nitter where the keyer outovt was multivlied up to tne radiated frequency 


and amolified. An examole of the separate oscillator keyer is the Navy 
nodel.FSi. In tis tyne the direct frequencv-modulation of a low frequency 
oscillator on a frequency of about 20) ke is produced by the action or the 
Sitnalin: coje udson a reactancs tude circuit. The output is mixe’? with a 
crystal oscillator or the transmitter oscillator anil the upver sidsband 

is selecte? by avoropriate tuned circuits. Then follows frequency multi- 
olication and ariplification to reach tie desired final frequency and 

oower outowts. .side from the kever, with this system, the transmitter is 
cenerally conventionel and the same equioment normally used for on-off 
kerinz is emoloved, olten with 2 enall reduction in power output because 
of the contiauous dutv-cvcle. 

With amolitudeenodulation, the unwanted sideband may be removed by 
filtering or by outshasine. Of triese two methods, the latter seéns more 
oractical. The svstem described in this paper illustrates the use of the 
ovtyiasing tee mique. 

2. St@oility. 

For any frequency-shift System a nith dezree of stability in the free= 
quency—feterninin: eleaacnts is required. One stated requirement (2) is 
that the frequency stadility should be within plus or minus 100 cycles in 
@ system using a value of frequency shift between $00 and 1000 cycles. 
Another avtuor, Lindsay (5), states that in practice, the value of frequency 
snift may be allowed to cance a few hundred cycles due to variations of 
the shift itself or the carrier frequency, or both, unless automatic fre- 
quency control or bias-correcting circuits are used. Variations in 
carrier frequency of a relatively slow nature, uo to orrhaos 2090 cycles 


may nb» tolerated, except where it is desired to keep the channel width 












very small > oe wWlien total variations of Mlus or minus 2U) cycl?s are 
desirable. 

Of the various s¥svoms, b.18 most bractidcl wev to achiwve toe required 
stability is by the use of crystal-controlled oscillators, with tie osc~- 
illators in temoerature-rg,uilabted comsartients. With the excention of 
frequene r= .odvulation o. toe master oscillator, tore out>r asine technique 
is alone among those Listwd that reqnires onl: one r.i. source, and wiere 
soWoLet. erzvstal-coatrol is emploved, the “hasin; s7stem as the alvantae 
Of s8quirit® ofl’ on> ervecval, dn (his siveten, also, it “as heen oointed 
ont CNet vile ref. GSOUrc® Gay “ at the Hecire? ovtout frequency with moch 
ae TH SSiculty. 

3. 9 Siew. 


Onan disadvar taye lor aay sywstem wioclh wees crystal-enntrol is tie Loas 


Of sleep iLit’ in clianting Yreqiuenc’r. (t was  -rebably more for tiis reason 
tue. 2@r iy ethgr Single (ne tiat the tvde o1 heyer evolvel possessing a 


egecrate oscillecor. With tre hever oscillator frequency; always the sai 
regardless or the ciannel ovtout frearouc; desire?, tie hever circuits 
covld be orfset and aotimizged Zor this condition. That somes sta ility was 
sacriiiced in Oewaitting cls trans itter liacter scscillatcr to be contin- 
uOeBSLY varialils Wa: considered worth tye «ain in flexibility. In the out- 
yiaSlin—e SsvstOa it is aleost mandater? foriMany reasons twat tha r.f. source 
‘er 12x01 frecwmenc”, Wat reeualtineg toss in rlesobility. Having. only ons 
Pete SOUTT>, 10 15 @ieeble for Stability tor it to be crvsctal~-gontrolled, 
, 
ife etc ig of Circult@eteeeets incladign tub=s is lexnzely devendent on 
~requency. TP Pel. VMSF-—SNirt neGuorks, wich nust present to the two 


halaaced oculators co .oneats 90 dm ress anart in vhase are best desisned 


ror on® rroquency. in atditian, UWin stexs required in ‘making the initial 


abo) 








balance against carrier and unwanted sideband are complex and time-consum- 


ing, encourazing again the restriction to a fixedefrequency use. It may 
be dointe? out that toere is no vreat need sor a frequency-shift system 
that is contimiously variable in channel frequency and the present trend 
is toward fixed sovrzes, so that the above lLinitation is partially can- 
cellec,. 

he. Linearity. 

Another jolnt of comparison is the ade staRility of a frequency-snift 
system to the traisiission of facsimile signals, Using the term facsimile 
in its modern interpretation ag being related to transmission at high sneeds 
using ap oaratus for continuous recordinc, t = ovtohasing svstem as des- 
cribed here and shifting between two independent sources aopear somewiat use- 
less. No intermediate grey shades are possivle because only the extreme 


ao 


frequencies are used. The frequency=modulation tyoes are well suited to 
facsimile »~rovided tiat the deviation is essentiallv a linear function 
with resoect to the amolitude of the kevin sicnal. 

C. Distortion. 

Discussions comsernia~ the oroblem of sicnal transitions are t2ken up 
in wne next chavter. It is show tere that the outonasing system cannot 
be waveshaoe |] in tis manner that frequency-iodulated systens are wavee 
shaped to reduce sideband distortion, but triat teciniques may be emploved 
whicn reduce tie distortions crousst on by the inherently sud@en chanzes 
in irequency. In thie consideration of bandwidth in Chaster 1V, it is 
siown that the widtn o: the radiated soectrua can be restricted to that 
comvaradle wit. ober systems. Since the oubovasing method enoloys ref. 
and audio oscillators which voroduce their base frequencies continuously, 


an? tne switch is a discret® paase shift, this systen is less susesptiole 


ald 












oy 
» the guilton racdol phas® discontinutties of the tyrors emolosin: tivo 





Cad 


indevendent rf. sources. 
6. Simplicity. 

One of the bast features on 2 comoarison Lasis of the system under 
investication ig the relative simolicitw of design and circuitry leading 
to economy of staers and circuit cortonents. No filter: are required as in 
nost of the other systems. Frequency cenversion and freqvency multiolig 
cation sta‘esS aro not essettial in eneral, for the kaver may be in itself 
a Source of radiated ener~, at the channel frequency, requiring only 
dower amplification. The feasibility of cost reduction on a multiple 
Sicnaliny circuit by emploving one audio oscillator a5 tie sideband source 
for a munaber of channels 2a3 Seen suggested to this writer. The svsten 
londs itseli well to the use of mimiature dioles as bridze or rinz 
moculators vor tie valence modilators, tieredy b*ing compatible with other 
miniaturize? eloments for modular packacins. Cooper oxide rectifiers are 
suitabl* for operation uy to srequencies of at Least )) megacycl«es (11), 
and tae autior's exoerinents nave cerionstrated the ability to achieve 
balance acainst the carricr of 62° order of 0 db with these diodes at 


lower frequencies. 


i~ 
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CHAPTER IIT 


~ 7 ae PROBLEM OF SIGH!.L TRANSITIONS 
1. Nature of Transition. 
One area of investigation with this system is that of the results 
of the mark-to-space or space-to-mark transition. In the conventional 
reactarce tube keyer, LecHifiawas for shading the keying waveform are 
usad to make the signal transitions a more gradual change as the outovt 
frequency moves from one desired frequency tiroucsh all intermediate fre- 
gue Vides to the other d»sired freauency. This diminishes distortion of the 
ovtnut frequency as well as restricting the transmission bandwidth by 
curtailing the hisner harmonics of the kevinz waveform. The question 
arises whether wavesna ding is desirable or even oossible in the ovte 
Ynasins system, and what frequencies exist durinz the transition period. | 
Davey and Matte (2) state that 
® e e frequency-shift keying is a form of frequency-modulation in 
which sicnaline is accomplished by shifting a constant amplitude 
carrier between two frequencies. Frequency variations in frequen=- 
cyeshift telegrapny corresoond to amplitude variations in amplitude 
modulation, thus signal transitions in frequency-shift are frequen- 
cy-time transients, while in amplitude modulation (on-off keying) 
they are amolitude-time transients, 
This is certainly true when the two frequencies are produced by a freew 
quency-modulation process, but in the system under investication here, 
each sideband is separately produced by an amplitude modulation process. 
In the steady state, at least, since only two frequency sources are 
oresent, no other first-order r.f. frequencies can be produced exceot the 
carrier and the fundamentel sideband frequencies. 
In the reactance=tube keyer, the waveforn of the kevine sienal mav 


be followed in amplitude ooint by ooint, each amplitude lavel reore- 


senting a different frequency seosaration from the mean carrier. In the 


i 









system proposed nere, however, tne keyint action consists of eau ae % 
sot of relay contacts and remaking contact in tne odnosinz nosgition, so 
that it is a awitchins action rather tian a smooth anclitude or free 
quency transition. This also adplies to the use of an electronic switcr. 
?- Case I. 

In the idsal case, 25Sumin# no transiénis’and zéro time in the 
syitichine operation, ons sideband is selected and then the other. To 
make this selection, the d.hnase ol the audio sienal to one set of balanced 
modulators is instantaneously reversed, wiile trat to the other set ree 
mains t1e same. Also, since the soint in tne audio cvcle at which tiis 
swite>ine mav occur need have ne common relerence from time-to-time of 
gmtenine, being desendent only on the varticular time of chante in the 
bealatvopuriter sicnal, we must exaaine first tie recults of such random 
switching. Fissure 2 shows waveforms btiat may be taxen from the keying 
relay, with the amolitude at the time of switchiins equal to zero, half- 
neal and peak amolitude. It is seen that in all cases excent when tne 
a Liteds is zero, a discrete jumo in amolitude occurs with the reversal 
of onas®. In assumir: no transients, the su@len channe of amblitude may 
be resarced as a steno function, wnose Ireguency districution is found by 
Goldaan (3) to be eontinuous with the ener -y proportional to ifr, 
being ticrefore concantrated at the extremely low frequencies. 

Of the waveforms in Figure 2? the case in which the sirnal is »assine 
Ghroueh zero amolitude is taken, since the analvsis of the other cases will 
be similar ezerot for the addition cf aoorooriate “ase aneles anc the 
jumo in ammolitude. Taking bie zero time @xis as tre time of Switching, 


the 1/10 dezree shase chance may be “flected if we revard the signm@l before 


. hy 

















tifee sero a8 bing a Biyral 0% sin wt (hanity eatolitede for sihilbcitir) 


@nd after bite aero of =B8in wt. ka @xpansion of: this wal :orm will have 


varying amwolitude eT Tey y descending on Few @any cycle. lewiore an} 


after tum zero are tuken into copsiderating. Ths Aeveuts in toe aydio 
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— SWITCHING WAVEFORKMS 
Switching time = 4 cycle (C ase IZ) 









zero ase references the suddeh removal or the audio sictnals b= abernce 
Oi the audio signal; the GueMeA doslication o1 tim addin si jnal at 100 
detress relative; ani thn oresenca oF t27 avdio si‘snal ia 100 de-ress re= 
f-nence. Of trese, tim first >rroduces the lower sideband in ue oubout, 
the thir! corndeces, treorstically, no outprt, and bre last orotuces tie 
nor sidebeaw’. The remaining rérions are tiose wricli may be resarded 
avain as ste. cvnctions, sroducim; a wide band o1' sroquencises o.' -reatess 
enercy nearest the carrinr frequency. 

he Case III. 

In th® final cas, toe pbrew'ncy of spitclin. transients contrivuting 
to the wav"lorms are Gaken us», The rive resioas Sxiscime iF big or cheigg 
case art asain dreseat, Uilt here thé sodden jiads in amolitude ar- roe 
nlacsd by exaonenbial falls and ridges at the suitching instants. If the 
decay anil rise times are such that thev are equal to or less than the 
switching time, no overlap wovld occur, and tr. resultinz wei ees nay De 
such as those grown on Firure . Here it is assuncd ticet it requires onr= 

' 
quarter o1 tHe audio tvcle to Switch srom one get of contects itn try otier, 
and that the rise ani fall times ary eac) equal to oneequarter cvcle. 

Mgein the casey are uhown ior tie start of switching ae in tie wreendin: 


pres. 


gh 
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SWITCHING WAVEFORMS 
3 transient = A cycle. (Case 7) 
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Switch 'ng te me = v- cycle 
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where ty is the interval of time under c-rsidiration. it is sen Uhat titis 
commrisss a rinze >t frequencim. o2 detrrnina.ie eallit dW deoindent on 
the tine t, taken as the decay as Switciin= tine. ‘lene aeein tr aallilig@s 
is inversely >orooortional toc bet frequency, “so brat the engrey Jistrilntion 
Varies inv@réely as thm square? of tag trequerc’” and is ccncentretc1 at ty 
extremely low frequenciys. Tre rising trarsie rt cannot easily de resolved 
into inequency compopebts, bul it Hey by som) fro. tae iicures as ™inz 
aal® vo of a wile rai of Lreqas cucs on an instantaneous treguency 
basis. Tif * resultant 2f@ct om tee POSSit Arm the treesitick bebiod wi 
be to Srofuc@ 2 sbtctriA S* eral ties tie audio signal ihn wiet>. in 
eaneral tosse frequeicies wold be dovble-sidesan » Since or owbohasin: 
would be correct onli for trek de@esifmed audic irequency. | 

S. Uniform vhase-ohift. 

Tt mav be conceived that a treat deal oc tre above transition ire jue 
dis.vortinnas cwld de aweldes by wu®in® toe 0 to 1 U de -ree audio sylte2 
as & smoot! wage clange ratecr oman Gg discresvs fuip. Tren, a3 s:oun om 
Figure ©, on sideband frequency weld drop rapidlv to zero wiile tie other 
sidskai@) ipequescy would Sighlimaeoysly rise co wcll ame litude. To oerform, 
tis effect, e devic® or circlkit would We to te orevided which woul} 
furmnis’ &@ fabid agt-eccuret® rewrrsal of Binc*®, «fSSin: tyrouz: all ihtér- 
médiabe Ptab®&, an” camhbWetin= Fes Socmetion 22.4 tell nou? bike thet 


Ch® sisral intelligence would not b- charted, 
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VECTORIAL COMBINATIONS 
SMOOTH PHASE- SHIFT 
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Normal combinatian ; = 0°: 


ae 3 ; 2A 2 A 


RPesultant at A for other values of eS: 


mid = 0" 9: 90° 





@=/20° » 6=/50° H=180° 


Fig. 
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Ll. Constant Spred Keyinc. 

The customary technique for ®xeminin® tae bandwidts requirew'nts of 
a systen is to assure a kevyine waveform which is a square wav*, does 1 on 
constant soeed “evyin; of equal intervals o1 tine. [Tor tw conventional 
keyer emmlovin-> frequency=nodulation, a frequency of w/t nodulate? witi 


unbiasel square waye dots of fregne icy P/2m s ani ol unity ampolitut’, 


Davey and atte (2) siow the rollowine o tout: 


7 » . j 
a ee —3 _s (3%) tos ail + age ts (S [ec (w-p)t ~cox(orp)t | 





| sin ()| cxs(w-2p)t i cos (042 p)t | 


yn®*=-2* 


| ae (“EV eos (w-¥)t — cos (0435p) os oie 
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m*.3 





wiere mis the freahency sbift divided ty tyuice the sipnaling aspeod. It 
would not be reasonehle to usbwet trat ior th ovtorzasin> systen any dif- 
forent efiect would be not'¢, since a selection of uover and lower side 
bands in the sequence of a square weve by an outpresine metro? produces 
identically tie Same iregusicies ver state as tiose oroduced by a irequency= 
modulation orocess. For a square-wave s@yins wavesiaoe tie above form is 
also the spectrum out out or the outod>asing tecinique. If the total frequencl 
CLifference between outout frequencias of ark" anl "space" is U50 evcles 

ofr s@ccni, amc @ squar® wave of 23 cyclos oér tecond is @nploved, the re- 
sulting soectruzi is Shown in Figure 6, 


oe Wavesnajdint. 


That &@ squaré wave kevire waveform is ast sorcifically desired is 
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widolr resn-niggl. Lindsay (5) poigts ovl thet Peyeh ow Li al Werte 
which ere actually squar> Wave's would r@sult ia t 2 otcjoxblon os a wie 
San] afte ont creation of Wee uniesinable cane snnecetsar’ interfer “c4. 
Saliaser (9) further Sows that a Saddén cWanee in iréqvenc’ 15 equivalent 
Mpeswitc ie o.f tae oruginal roequenc® wmeileetar aew Srejaercy is siml- 
taneously SWitcoee of, CROMONtLiING in a rec@ivine siltir two transitris, tae 
tye Loows ~ihg ouMilar and atdiuhe ud» to @ cWistiat value, entas te carrig 
fregwnie® sare 1itierei, Bets oer, Sr lecting ta 1.. rec8iver. 

For t @& costventiinm@al tees oo. Trequmnact-m itt wer rT, wevsevavice }s8 
required and cossitle. Swaomz at tie modalatin; wayv- is wsvally accniine 


ud 


lie ied ix, Llow-=%e8s or Garil-bass Piperd. These reno” tie <Leer saartiomics 


of too r'wit wARAfor. befor> Ge aaveiory ib appli-? Us Use «fe yieic 

SMivSU.- el rows. Coneidersble ae@ardir@ trow o-) thecrttocal sqiarfpwave 

SMa) leet caf SO ene. Uy BCrewati ce or or aS dics, provi iM 
“~ 


Cw Circhlts BRSB hard icé’ &@ to Ge Gi. of Ve re tive bchilatin 


1 eee is. 


Since WRVR MRT 18 TPeStreylh, Chee aectacn tras a a3 ob PhAt 
Qxtent, i. war, wewelemige cls Ie Sie lieee ete Lr olin erst: lun 
Srepr tn ir@btrich Lbs cCeeelvved bed oF nadian mtr. To @rb ws 
) OS tae Peli ile Wee Ge ae OI: Socom toa: Low- eee ioleerc to 


Pats aes hiayerics Bed ond Get cee ee ome weld daly serv, to Vy 
tort 6 @ hnriWinal intelli ac® Oy GAME: We Wle tige of Sritc “6s an amernt 
deporte t on toe yensitivit, of tye kittin relay. If the Lever were made to 
SWite; c-atacts exactly at Wwid-awolituae, 9 chanze ut all wo le ne exorr- 


enced; al SenSLbieitaes less toh Mid-anolltnic, Marvin 1148 weld he 


srodues!s av sanSitivities Treattr yan Ridsamoliimée, 6 mcia, bias would 


oceur. Tris assraes Mat tw Oersitivesroin osortion o. tiw war corr*s>onds 








to ‘mark’, Merkin; bias occurs when the resultin: out ut mark signel 
exceeds toe width of the inxt telety ewriter merk sircnal. In fact, the 
Yising and felling switeling points of tie ever ers not nectssarily at 
thé same amolitude, so tikt other trpas of Tistortion coul? occur. Tais 
prevents toe customary wave-siiadiug técinigie from being enploved, as the 
“tout is not freaqueucv-sensitive with aislitide. 

Ones tyoe of waveGieling boas been wegtioned @arlicr, wonergin te cians 
of audio phase Trom on* extreme t7 The otyer wo.L:) of mate 2s a smooth 
transition rather taen on abrupt smitt. Tics is an eemlitide saaping of 
the evsot, aad woul] effect tae bandwidt: br retioving vany o1 tae dis- 
tortion traosibion jrayvencies extendiore oetweren end bevond the desired 
frequencies. The r sultant in the ontpnt would still b a tier tion fron 
one sideband to the other without »xassinj; throw’) intermediate frequencies, 
one sidehand anolit ds decreasin= uniforal, a3 ts other rises. 

3. Fcuction of atiwidts. ’ 

It 16 d@sired to retuce the bandwidth to ti equivalent of that of 
ar-off kevin> or othér met ots of Treauencev-3hift keyin!. Soraeve (10) 
Shows taat a kevin, cree’! oF 23 cyel@s oer seconc siiaped to contain the 
fundewented olus a tiir? %arnonic at on--third ths @.roslitulde of the Tund- 
amental ideally srojyows a Medifidts of 13¢ ewcles in an =e 
vletion cyeoem. (ii. 13 Gaver Acta! in Practice oecavee of squaring of 
toe weveforuy in succe din’ diaplitiers, so theta more oractical bandwidth 
is abovt 1200 oyclis. (Squarrewave kevin, 2t 23 cvcles orr seeand would 
ornduc® infinite harmanics, bub WieBA cs “reiter adiolitude tran 30 db 
with reSosct bo bie .undaw!ttel oxbend to a Vendwidtiy of oni; abowt 1550 


ereles). Tor convintionul fraauencr=shiit keyin » Ore sh@ped wavelorm 
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sroduces a bandwidth of 1100 cycles where 550 cvel-s ee separition 
exists while a square wave would oroduce bandwidth of about 1620 cycles. In 
tie latter tyoe, reduction of the total frequency srxift to 250 cycles would 
give a bandwidth of about 30 cycles. Now for the outphasing method, 
using a frequency separation of 350 cycl>os, it would also be desirable to 
restrict the radiated spectrum to 1100 cvcles for a dotting sveed of 23 
cveles ver second. 

One eifective nbtiod of reducine the radiated soectrun that anoears 
practical is that of highly selective r.f. circuits in the transmitter. 
This requires that, with the effective square=:ave kevine waveforn nec- 
essarilyv enoloyed, the outer sidebanl frequencies of the 2th harmonic of 
tie dottine sosed, already at a level of -28.6 db fron unity amnlitude 
(21.3 db down from the wanted sided nd frequenev), would have to b- 
attenuate? 11.) db more in one or several selective circvits. The universal 


resonance curves show that for 11.) db rejection, 


2at _ 
7 at 


so that for a bandwidth of 1190 cycles, 


Q = 3.3 = ae or 6) = ,002 to, 
a 100 1000 ! 








Now, then, for a practical . of 100, the mean frequency must be in 
the neirtorhood of 33.3 kc fora sinctle-tuned circuit. It appears trat a 
frequency-shift keyer by this technique must have its base frequency Less 
than, savy, 50 kc, unless multiole-turnd circuits are emoloved to further 
restrict the transmitted bandwidto,. Sirce sultisle-tuned circuits may be 
usel, this is not a serious limitation. It must be borne cut that with an 


11.4 db rejection to 550 evcles fron mean frequency, the rejection to the 


o7 











wanted sideband of 25 cycles from mean frequency becomes about 8 dby 30 


that in the selectivity to restrict bandwidth 3 db of wanted energy is 
lost. 

To reetiee the total frequency shift would be more eifective for the 
case where a base frequency of hizher than 50 kc is desiresd, unless mult- 
iple-tuned circuits, with some inherent conol-xity oi tuninr, are emoloyed. 
It nas been shown that reduction of frequency shift narrows the band, and 
wiere the bandwidth is again desired to be within 1100 cycles, the shift 
would be of the order of 00 to 600 cycles total shift for 0 db rejection 
without reference to the selectivity of the radio circuits. Uishly see 
ective outout circuits are still desired to restrict the spectrum of har-= 
monics of the audio source and other internediate frequencies introduced 
in the transition zone. 

The problem of production of a wide ranze of frequencies asseciated 
with key clicks due to the sudden switching of the audio phase could be 
met in part by a rotation of phase in some manner as pointed out earlier, 
and also in part by the technique of selection of the switching instant at 
tne time when the audio modulating voltage nasses through or lua s a zero 
amolitude ooint. This could be done with considerable additional cone 
clexity of the circuitry involved, but is perhaps a very logical aporoach 
to the oroblem. 

That the method of production of frequency-shift keying by the out- 
phasing method in its simolest form does voroduce a wids spectrum outout 
has beem shown, anid a few ideas toward reduction of this bandwidth nave 
been presented. That by these techniques the bandwidth can be reduced to 


that comparable with other systems has also been demonstrated. 
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CHAPTER V 


EXPCRIOUNTaAL DP SIGN 


1. Description of Circuits. 

An experimental model basel on the block 4iacram of Fisure 1 on oage 
5 was constructed in the laboratory of the United States Naval Postgraduate 
School. The chassis layout is »vresented as Figure 7. The essential 
features of the various circuits are exodlained within this chapter alone with 
the exoerimental results obtained. The model was constructed merely as an 
engineering tool to cenonstrate ae tecniques involved. 

A crystal-controlled oscillator was chosen for stability, while the 
frequency of 3 megacycles was used to demonstrate the use of tie out»dhasing 
orinciole at a desired channel’frequency. The circvit of this oscillator 
is shown as Fieure 8. A GACT tube was used in an electron-coupled oscill- 
ator to minimize the effects of loading by the succeeding stases on the 
frequency-generating sxortion of the circuit. Only a small ontput was de- 
sired since the r.f. drive was to be apolied to the grids of the balanced 
noculators. 

lollowing the crystal oscillator is the r.f. 90 decree nhase-srift 
network shown in fers For sim>licity, each component of the r.f. signal 
was shifted plus and minus 5 degrees ressectively to aciieve the 90 decree 
ohase difference in comoonents oresented to the balanced modulator pairs. 
Certain variable comzonents were introduced tor ease in adjusting the vohase 
shift and obtaining amolitude balance. An electronic switch oroved useful 
in checking the roucsh aliznment of the ohase-shift network with the outout 
presented cn a Tektronix 511AD oscilloscope. 


The audio oscillator emoloved a 6SJ7 tube in an RC vhase-shift feedback 
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network which shifts the pdlate outout signal through 1/0 degrees for 


introduction at the grid of a signal which supvorts oscillations. The 
phase-shift network was made up of three sections, each designed to ver- 
form a shift of 60 degrees. One resistance was made variable to adjust 

the frequency to the desired value of 25 cycles. (With such an oS¢illator 
- ata level just sufficient to maintain oscillations, an almost pure sine- 
wave outout os obtained, while the frequency stability is ae zood. ) a 
circuit employed is shown in Figure 10, . 

Since it was desired to have available to the keying relay two audio 
frequency comoonents 180 degrees apart in pase, a vewstties amolifier was 
chosen (see Figure 11). This employed a 6J5 tube with equal plate and 
cathode resistors for the required outputs. A potentiometer was used in 
the input grid circuit for control of the audio gain. The gain of such a 
device is less than unity by virtue of cathode degeneration, but ampli- 
fication was not needed at this point. 

The keying relay embloyed was not optimum in design as a readily 
available relay was used. The relay had two pairs of contacts, and was so 
connected that the outout always consisted of a signal of O decrees phase 
reference presented to amplifier number 2, while that supplied to amolifier 
number 1 through the succeedins 90 degree pbhase-shift network cnuld be 
selected as 0 or 180 degrees phase reference for eventual production of 
the alternate sidebands. Provision was also made to break contact to both 
amplifiers at the switchine times to prevent the generation of a double- 
sideband signal as described earlier. The circuit arran~ement is shown in 
Figure 12. 

The signal to be furnished to amolifier number 1 is next passed throuzh 


~~ 


a 90 degree phase-shift network made up of two sections, each combination of 
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R and C to orovide lS desrees shift. One resistance was made variable for 


adjustment of the proper shase shift, while a »sotentiometer was required to 
balance the amolituce of siznal »vresented to am>litier number 2 aAlthouzh 
it may have been preferable to perfor the 90 degree siift as 5 degrees 
plus and minus, as with the r.f. comoonents’ to preserve more amolitudce at 
each point, the circuit (sown in Figure 13) was much simpler to constrvct. 

Two reasonably identical staves of audio amplification, one for eaci 
audio comdonent, were emdloyed to be oderatel as Class A for linearity. The 
tubes used were 6J5's and as shown on the circuit diagrams of Ticure lh, 
transformer outnuts were taken from each olate to »rovide double-ended 
Sicnals for push-9ull motulation of the screen zrids of the modulators in a 
balanced modulator pair. Amplifier number 2 gives outouts of O and 130 
detrees Dhase reference to todulators 2h and 2B, respectively, wile aasli- 
fier lL sives outouts of 90 and 270 devress hase reference to modulators 
A and 1B, resnectively. The latter cutouts are reversed by the kevsvine 
selection. 

the circuitry oi the balanced modulators drovides for aorlication of 
an ref. comoonent to the ;rids of eac' ovair of modulator tubes in arallel, 
while the audio components are sun%li*7 in oush-oull for screen ric mnd- 
ulation. The double-sideband outout of each modulator in a »xair is volaced 
in Ddusn=-pull across an output tuned circuit where tie r.f. carrier is bal- 
anced out. The combination of the outonts of botn balanced modulators in 
the onase relationshios obtained orovide furt-cr for tie accentvation of 
one sideband and the suopression of the other for eich state of the kevin 
relay. Carrier balance is obtained throuch the eccntrol ci tne relative 


amplitudes of r.f. signal supolied to each modulator of a pair. This is 
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done by adjustment of the votentiometers labeled "Mod. Balance", (iigure 


15). Tubes were selected on a trial basis among several 6666 tubes to 
obtain two pairs which could be balaneed to a minimum of residual carrier 
within the rance of the balancine controls. Different combinations of 
tubes seered to have no effect on the wa~nitude of the balance, but only on 
the position of the control for the null. 

Two Dower sources, both external to the develoved model, were used to 
limit the Load on each supoly, and to provide isolation of the r.i. and 
audio stages. One nower sun oly was used ior the r.f. oscillator and the 
balanced modulator vlate voltases, wiile the other furnisied dower to the 
audio sections, and to a voltaze rezulator tube for the screen voltace of 
the balanced modulators. 
ee Aliznment Procedures. 

Using a stable laboratory audio oscillator at h2S cycles per second for 
reference, the audio frequency acjustnent control was varied to vorovide 
synchronism as shown by Lissajous vnattern on an oscilloscove. ‘Next the 
audio pain control was set to orovide the aaximu: undistorted signals fron 
the narad»hase amvlifier. The audio ».1ase adjust and the audio balance were 
varied alternately to srovide equal amolitucte signal com onents while the 
chase difference of 90 degrees was observed by a circular sattern on an osce- 
dileseoce. Phase differences were also observed amon: the four refereice 
voltaces at the outout of the avdio amolifiers, and corrections as necessary 
vere made with tne audio ocnase adjust and the avdio balance to obtain te 
oroper ».hase and amolitude resvlts at these ooints. 

Adjustment of the r.f. sections were made with the audio sirnals re- 
duced to zero. The r.f. pnase difierence of 90 derrees between the two 


components was set as closely as bossible at the 666 crid points in the 
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manner described earlier. The r.f. balance controls were varied at tire 


same tine to provide equal amolitude signals. Taking an outout from the 
final tuning circuit by transformer coupling to a Tektronix 511AD oscill- 
oscooe, the voints of best carrier balance were observe’, and necessary 
readjustments of the various controls were made, after tie molulating 
sonst were reapolied, for best production of essentially single-sideband 
ouvete Signals. 
3. EXPERIMENTAL RESULTS. 
Using one combination of 606 tubes, the averaze carrier balance was 
29.2 db, from the following observed values: 
Outout Signal Voltage (rms). 
Tule 2 alow 4 ww tk tl tl TOV 
Tube 2B alone . 2 « «+ «+ ee © « (OV 
Dulowe Iwciemer 9. Be os se ee we 15M 
Tube 1B diGme «me we tw tw ew ow MOV 
Tubes 24 and 2B . « 6 © 6 © © 0 0 0 205V 
Tubes 1A and 1B . « « 0 « © oo oo elt 
Tubes (all) ee 6 2 Fees «3 SV 
The average with one tube being 72.5v and that with two tubes 2.57, the 
carrier balance is 20 log SA » Or 29.2 db. 
That this was not of the order of 0-60 dh rejection as desired was 
noted, and different combinationom tubes were tried until a new result 


of 3).8 db was obtained. This was the best obtainable without revlacenent 


* x 
~ FF “ir 


t 

of circuit parts or repositioning of the center tap of the outnut coil. 
With the audio modulatins sivnals apolied, the relative amolitudes of 

the sinzgleesideband out»uts compared with the carrier ovtout alone was of 


the order of about 25 db. This, of course, devends on the decree of 
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Sienal distortion u»xon increase of audio gain. 

The first attempt to measure the comornents of the radiated wave con- 
siste? in the use of a Navy model RSS receiver 5dlaced close to the exciter. 
The receiver was tuned near tre midefrequency an” set on GW 2ositinon. 
presence of the individual sidebands was noted by the change of tone wit” 
chanzve of keyer position. The carrier was tien zero-beat, and the receiv 
outout was introduced into a model GR 736A Wave’ Analvzer. 

With the lower sideband bein= produced, the followins; comsonents were 
observed: 

W250Ggemie)« sie « « « » + « « O db (reference) 
Sol eis 5 5 4 4h A omele 
This showed a second harmonic of the audio comoonent dow 16 db from the 
fundamental. Other frequencies were down at least 56 db. 

With the unper sideband bein produced, the readings were: 

> CoS eee sc. se «6 OD 

be) Case. , uses «6 © wel? db 
This is a 12 do difference in harmonics. Other frequencies were down 
Sh db or more. 

It was quicklv realized tnat in using the receiver, tie amolifier 
sta-es would readily suodol’, in e1fect, tne missinz sideband as lonz as sme 
carrier con oonent were present, and that the harmonics of the audio si:vneal 
may rave been droduced in the receiver as well as in the exciter. 

The next attemot emolove an .Lil-l Frequency Meter. By zerc-beating tie 
princinal signal for each of the three states of the kevyin= relay, the 


basic frequencies were measured to be: 


ho 








Lower sideband frequency 2999.75 KC 
Carrier frequency 3000.15 KC 
Unver sideband freguency 3000.60 KC 
Next, with the Lm-l1 set for a frequency slightly ctf the sosition 
corresponding to the carrier rrequency, the audio outout of the frequency 
meter was introduced into the GR 736A Wave Analyzer. There was no indi- 
cation of the second harmonic of the audio sienal beins radiated as a 
modulation oroduct. With tre relay in the unenerctized position, corm 
vonding to lower sideband, the followin: were the significant readings: 
90 cps . © « « 103 db (13 db down fron 
fundamental ) 
335 Gpame . . . 1164b 
With the relay in the energized oosition, corres»ondinz to unver side- 
band, the readings were: 
90 cps . . - « 103 db (12.5 db down from 
fundanental ) 
515 eps . « « « 115.5 db 
Interoreting the above readines, the 90 cps measured in each case 
would corresvond to the residual carrier component, and further irdieate 
that the Li-1 frequency was at a point 90 cycles below the carrier 
frequency. The results are shown on rigure 16. It is realized that a 
Jortion of the carrier component measured was being ra‘liated directly from 
the oscillator of the »xhaseeshift networks. The frequency meter was in 
very close oroximity to the exciter. Another element of tie carrier 
component was that due to imoerfect balance. 
Another Bet of readinzs was made with the LM=-1 frequency set 


appreciably below the lower sideband signal. The results for the two relay 


extremes are shown on Figure 17. Here the carrier is down 12 and 1h.3 
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product frequency of 520 cps occurred on trie lower side. 

Random kevine by tapoing hattery terminals of a 22.Sv battery to tire 
keying relay gave stromz and objectionable key clicks, esoeciallv wien re- 
moving the voltage source. That this would occur was vointed out in Chapter 
III. «an attemot was made to observe tiis efiect on an oscilloscope. Setti 
the SLLAD sweep sveed at a slow rate, waveforms of the general nature as 
that sketc-ed in Figure 18 were observed. 
kh. RECOMIENDATLONS for IMPRW"ErT. 

That many thinzs could be done to imoronve the desizn is anvarent, but 
time did not permit incorporatinz these chanzes. The r.t. oscillator 
should 5a variable in sain for better control ot relative decree of mod- 
ulation. Shieldin: should be employed around each of the r.f. radiatinz 
elements, such as the crvstal, tre outowt oscillator coil (this was 
emoloyed), and the r.f. dhaseeshiftine cxil. Shielded leads should be 
used wnenev>r r.f. siznal are to be directed throughout the circvit. The 
circuit elements used in the balanced modulators should “e very carerully 
measured in value and properly paired before installation. A wider ranre 
of tubes better suited to operate at radio frequencies could also be used. 

\ relay more suitable ror vse with teletybewriter siztnals sould he 
.used, or a keying tube circuit should be substituted. Some means could 
he adooted to minimize the production of key clicks. 

’, circuit should be designed to oerform the 0 to 150 devree o>ase 
chance of audio signal with -eyine in a uniform manner rather tian switch- 
ing. The output circuit should be more carerull: balanced by vrooer 


oositionine of the coil center tad anil balance of the tuninz canacitors. 
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